In this paper, Persistent Scatterer Interferometry was applied to ERS-1/2 and ENVISAT satellite data covering 1992-2000 and 2002-2010 respectively, to analyse the relationship between ground motion and hydraulic head changes in the London Basin, United Kingdom. The integration of observed groundwater levels provided by the Environment Agency and satellite-derived displacement time series allowed the estimation of the spatio-temporal variations of the Chalk aquifer storage coefficient and compressibility over an area of $1360 km A simplified one-dimensional model is applied to simulate the ground motion response to hydraulic heads changes at nine piezometers. The comparison between simulated and satellite-observed ground motion changes reveals good agreement, with errors ranging between 1.4 and 6.9 mm, and being 3.2 mm on average.
a b s t r a c t
In this paper, Persistent Scatterer Interferometry was applied to ERS-1/2 and ENVISAT satellite data covering 1992-2000 and 2002-2010 respectively, to analyse the relationship between ground motion and hydraulic head changes in the London Basin, United Kingdom. The integration of observed groundwater levels provided by the Environment Agency and satellite-derived displacement time series allowed the estimation of the spatio-temporal variations of the Chalk aquifer storage coefficient and compressibility over an area of $1360 km 2 . The average storage coefficient of the aquifer reaches values of 1 Â 10 À3 and the estimated average aquifer compressibility is 7.7 Â 10 À10 Pa À1 and 1.2 Â 10 À9 Pa À1 for the periods 1992-2000 and 2002-2010, respectively . Derived storage coefficient values appear to be correlated with the hydrogeological setting, where confined by the London Clay the storage coefficient is typically an order of magnitude lower than where the chalk is overlain by the Lambeth Group. PSI-derived storage coefficient estimates agree with the values obtained from pumping tests in the same area. A simplified one-dimensional model is applied to simulate the ground motion response to hydraulic heads changes at nine piezometers. The comparison between simulated and satellite-observed ground motion changes reveals good agreement, with errors ranging between 1.4 and 6.9 mm, and being 3.2 mm on average. Ó 2016 Published by Elsevier B.V.
Introduction
Many cities rely on groundwater for water supply. In most parts of Europe over 40% of water supply comes from urban aquifers (Wolf et al., 2006) . Monitoring and careful management of urban aquifers is needed to ensure that the aquifers are utilised in a sustainable manner and groundwater extracted for use is naturally replenished. One of the most obvious effects related to prolonged groundwater over-exploitation across city-regions is land subsidence related to falling groundwater levels and/or uplift caused by recovery of groundwater heads due to the reduction in abstraction (Morris et al., 2003; Bell et al., 2008) .
Changes to the aquifers and the geological strata overlying aquifers need to be understood and quantified, such that (i) changes in groundwater levels do not cause inundation of water into underground assets, (ii) differential changes in ground saturation do not significantly affect ground engineering properties, and (iii) ground level change does not cause damage to existing infrastructure. Aquifer consolidation is commonly calculated based on Terzaghi's consolidation theory (Terzaghi, 1943) . With the vertical total stress unchanged, a variation in pore-fluid pressure causes a proportional change in effective stress within the aquifer, resulting in a volume change. The latter is influenced by the compressibility of the aquifer. When the effective stress does not exceed the maximum effective stress that the system has experienced in the past (i.e. pre-consolidation stress), the fluctuations in the water level create small elastic deformation of the aquifer-system and small land surface displacement. On the contrary, if the effective stress exceeds the pre-consolidation stress, the pore structure of susceptible fine-grained aquitards in the system may undergo significant rearrangement and the deformation is mainly inelastic (Galloway et al., 1999) . Vertical ground motion can therefore be the effect of the elastic and/or inelastic compaction which depends on the hydraulic head changes and the thickness of the unconsolidated deposits (Riley, 1969; Helm, 1975 Helm, , 1976 .
The amount of water released or stored per unit of area of the aquifer and per unit head change is defined as the storage coefficient or storativity (Fetter, 2001) . This is a key property of http://dx.doi.org/10.1016/j.jhydrol.2016.06.068 0022-1694/Ó 2016 Published by Elsevier B.V. the aquifer system that reflects the response of aquifers and aquitards to hydraulic head changes, and is important to estimate the available groundwater resource. The storage coefficient is usually obtained either in situ by measuring drawdown rates during pumping tests or from lab-based porosity values. Results from pumping tests are limited in that they are representative only of the permeable portion of the aquifer within proximity of the pumping well and several assumptions about the hydraulic conditions and pumping well are made (Fetter, 2001) . Validity of the results of the test is dependent on the duration of the test and the number of observation wells used to measure the aquifer response. In addition, pumping test sites are biased towards high-yielding aquifer conditions since most tests are conducted on prospective abstraction wells. Meanwhile, lab measurements have a small-sample volume, samples may be disturbed and therefore may not be representative of the in situ conditions (Riley, 1998) . These methods are also only able to estimate this parameter for a limited number of points due to their costs, and in some cases, the results are of questionable reliability (Balkhair, 2002; Schad and Teutsch, 1994; Kaczmaryk and Delay, 2007) .
During the last two decades, many studies have integrated satellite interferometric synthetic aperture radar (InSAR; Gabriel et al., 1989; Massonnet and Rabaute, 1993) and groundwater level change data to estimate the aquifer-system storage coefficient (Hoffmann et al., 2001 (Hoffmann et al., , 2003 Galloway and Hoffmann, 2007; Bell et al., 2008; Tomás et al., 2006 Tomás et al., , 2011 Ezquerro et al., 2014; Reeves et al., 2014; Chaussard et al., 2014) . Persistent Scatterer Interferometry (PSI) is an InSAR processing method that exploits significant stacks of time-stamped SAR images to identify radar targets or Persistent Scatterers (PS) on the Earth's surface for which the displacement time series along the line of sight (LOS) of the satellite is reconstructed (e.g., Ferretti et al., 2001; Werner et al., 2003; Hooper et al., 2004) . The technique has been successfully used to analyse land deformation due to groundwater level variations in a number of cities and regions world-wide, such as Mexico City (Osmanoglu et al., 2011) and Morelia in central Mexico (Cigna et al., 2012) , Vega Media, Madrid, Alto Guadalentín and Granada Basins in Spain (Herrera et al., 2009; Ezquerro et al., 2014; Bonì et al., 2015; Notti et al., 2016) .
In the United Kingdom (UK) the most important aquifer is the Chalk which accounts for 60% of the groundwater used in England and Wales (UK Groundwater Forum, 1998) and supports approximately 80% of public water supply in the River Thames Catchment and 20% in London (Thames Water, undated) . Not only are public water supplies taken directly from groundwater, but also from surface water sources derived from rivers with a high groundwater baseflow index (BFI). The River Thames in London is one such river with a large groundwater baseflow component (BFI of 0.63 for the River Thames at Kingston gauging station 39001; NRFA, 2016). The Chalk aquifer in London has been exploited for public and industrial supply since the 1850s and is one of the most monitored and managed aquifer-systems in the UK (Jones et al., 2012; Royse et al., 2012) . The chalk aquifer continues to be an important source of water for London however, a reduction in abstraction since the 1950s has led to problems with rising groundwater levels and as a result artificial recharge schemes (O'Shea and Sage, 1999; Jones et al., 2012) and open-loop ground source heating schemes (Fry, 2009 ) have been encouraged as part of the aquifer management schemes. The chalk aquifer is also host to increasing subsurface infrastructure such as transport tunnels, with dewatering schemes necessary to facilitate their installation (Royse et al., 2012) . It is therefore essential to understand the variations of aquifer properties throughout the Chalk, in order to safeguard the groundwater resource and manage its multiple uses.
To date there have been few studies on the Chalk aquifer storage coefficient variations throughout the London Basin, although there has been a number of specific studies on the properties of the Chalk. Lewis et al. (1993) estimated the Chalk storage by using data derived from pumping tests across the whole of England. Allen et al. (1997) analysed the aquifer properties of the Chalk of England using 2100 pumping tests collated by the British Geological Survey (BGS) and the Environment Agency. However, detailed field studies are necessary to determine the physical properties of the Chalk aquifer in the London Basin, in order to take into account the site specific matrix-fracture interaction.
A recent study by Cigna et al. (2015) revealed that an area of $200 km 2 in the administrative area of Greater London ($1580 km 2 ) has been affected by anthropogenic land subsidence due to groundwater abstraction. In particular, these authors made use of PSI ground motion information for 1992-2000 and 2002-2010 and geological data to delineate natural and anthropogenic geohazards within the framework of the European Commission FP7-SPACE project PanGeo. Another study by Bateson et al. (2009) used PSI data of the period 1997-2005 to validate the results of the modelled subsidence due to groundwater abstraction for the Merton area of south-west London.
To date, PSI ground motion data have not been used to estimate the storage coefficient in the London Basin and to understand the spatio-temporal variability of this parameter under different aquifer conditions. For the first time, in this paper, such an analysis is undertaken by exploiting ground motion data for the years 1992-2000 and 2002-2010 , obtained by processing two stacks of ERS-1/2 and ENVISAT radar imagery by using the Interferometric Point Target Analysis (IPTA) technique (Werner et al., 2003) . The analysis allows the characterisation of the aquifer properties over an area of $1360 km 2 . The results obtained based on the satellite ground motion observations are compared with storage coefficient records obtained in situ via pumping tests. Furthermore, the ground motion response to hydraulic head changes are analysed at nine piezometers.
Study area

Geology
The London Basin covers an area of $2500 km 2 ( Fig. 1 ) in southern England. The basin overlies the London platform formed of Palaeozoic basement which is bounded to the south by the Variscan Front (Royse et al., 2012) . The Chalk Group, which reaches thicknesses of over 200 m in central London forms a rim around younger Palaeogene deposits which infill the London Basin (Ford et al., 2010; Mathers et al., 2014) . The Palaeogene strata which overlie and confine the chalk have a variable lithology and form a broad flat valley through which the River Thames flows. The Palaeogene deposits comprise, the Thanet Formation, a fine-sand unit; the Lambeth Group consisting of vertically and laterally variable sequences mainly of clay with silty and sandy horizons; the Harwich Formation a silty, sandy clay with gravel beds, and; the London Clay Formation, a dense fissured clay (Sumbler, 1996; Ellison et al., 2004) . Quaternary deposits, primarily river terrace deposits associated with the River Thames and artificially modified ground, such as embankments or landfill and engineered cuttings and quarries provide a discontinuous cover at surface. (Newman, 2009) , Crossrail (Aldiss, 2013) and the Docklands Light Railway, show that the geological structure of the London Basin is more complex than previously thought and faults are underrepresented by current mapping (Aldiss, 2013) . Reactivation of basement tectonic structures during the break-up of Pangea and the alpine orogeny (Jurassic -Tertiary) is likely to have resulted in the propagation of faults and fracture networks throughout the younger London Basin sequences, explaining significant faulting observed in the Chalk Group and overlying units during these more recent site investigations. A 3-D geological model of the Thames Valley generated by the BGS in order to visualise the distribution of the geological units along the valley (Mathers et al., 2014) has been used to extract the cross sections A-A 0 and B-B 0 in Fig. 1 .
Hydrogeology
The Chalk Group forms a principal aquifer in the London Basin supporting public water supply (Jones et al., 2012) , industrial groundwater use such as ground source heating systems (Fry, 2009 ) and significant baseflow to the River Thames (BFI 0.63). In the central area of the Basin, the chalk aquifer is confined by the overlying Palaeogene formations. Whilst the Palaeogene deposits do not form principle aquifers, the lithological variability within and across the units leads to hydrogeological heterogeneity and where present the sand-rich horizons can contain significant quantities of groundwater. The sand-rich Thanet Formation, for example, is highly permeable and often in hydraulic continuity with the underlying chalk aquifer. The chalk aquifer is recharged on the interfluves -in the Chiltern Hills to the north and North Downs to the south, where the Chalk is present at surface and the aquifer is unconfined. The unconfined aquifer exhibits larger seasonal water table variations, with associated stream-head migration up dry periglacial valleys and where fracture sets exert strong linear river drainage patterns (Bloomfield et al., 2011) .
The effects of faulting on the chalk aquifer and groundwater flow in the central London Basin has been highlighted in recent investigations (De Freitas, 2009; Royse et al., 2012; EA, 2015) whereby compartmentalisation of the chalk by faults and differential fault permeability leads to irregular groundwater flows and difficulties during dewatering. Both lithological variations and structural features exert significant control on aquifer properties in the Thames Basin (Bloomfield et al., 2011) and on the chalk in particular. The Chalk is a dual porosity medium, with matrix and fracture porosity (Price, 1987; Barker, 1991; Price et al., 1993) . The primary porosity of the Chalk (typically 0.25-0.40) is related to the presence of the coccoliths in the matrix, through which the aquifer does not drain readily due to the very small pore throats (Price et al., 1976; Bloomfield et al., 1995) . Instead, the groundwater storage of the aquifer is mainly derived from secondary porosity along faults, through the fractures, which are also widened by dissolution processes and long bedding planes such as marl bands and flint horizons (MacDonald and Allen, 2001 ). In the London Basin, permeable horizons in the overlying Thanet Formation, Lambeth Group and Harwich Formation also provide some storage capability. The specific yield for the basal sands, comprising the Thanet sands and lower-most sand units of the Lambeth Group, was found to be in the range 1 Â 10 À2 to 3 Â 10 À2 in the Lee Valley in the north of the London Basin (O'Shea and Sage, 1999). Historic overexploitation of the Chalk aquifer for industry and manufacturing up to the 1950s led to widespread lowering of groundwater levels, reaching a depth of up to 90 m below sealevel in the central London Basin (Jones et al., 2012) . As a result, the Chalk aquifer became unconfined, leading to under-drainage and desaturation of the London Clay (Jones et al., 2012; Royse et al., 2012) . In the 1950s a combination of aquifer depletion, improvements in surface water quality and water storage led to a decline in groundwater abstraction and a recovery of groundwater levels at a rate of up to 3 m/year (Jones et al., 2012) . As groundwater recovery and re-saturation of the London Clay could potentially have negative impacts on the foundations of structures and infrastructure in the Basin, an action plan was developed by London Underground, Thames Water and the Environment Agency (EA), i.e. the GARDIT (General Aquifer Research Development and Investigation Team) strategy. As a result, an observation borehole network within the Basin was established by the EA to monitor and manage changes in groundwater levels. Since 1999 there has been an increase in the licensed volume of abstraction of at least 3 Â 10 6 l/d in central London (EA, 2007; EA, 2015) which has been successful in stabilising the rise of groundwater levels. As a byproduct of London's rising groundwater levels an artificial recharge scheme was licensed in North London, NLARS (North London Artificial Recharge Scheme; Jones et al., 2012) to help control groundwater levels and maximise the available groundwater storage in the north part of the basin where groundwater levels were depleted (O'Shea et al., 1995; O'Shea and Sage, 1999) .
Records from the observation borehole network, provide detailed time-series data to reconstruct the historical groundwater level changes across the London Basin for the 1990s and 2000s ( Fig. 2 ) and evaluate the relationship with ground level change over the same period. In particular, 236, 166 and 214 piezometers were employed to evaluate the groundwater level changes respectively in the periods 1992-2000, 2002-2010 and 1992-2010 , to match with the satellite observation periods (see Section 3).
In 1992-2000, an average groundwater level rise of 2.5 m was recorded, with 26% of the observation boreholes revealing groundwater level rises of more than 5 m. The most notable groundwater level rise mainly affects the north-west and southeast of the London Basin ( Fig. 2. panel a) . Conversely, over the second period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , an average groundwater level fall of 0.5 m was recorded by the network, and 12% of the boreholes showed groundwater level falls exceeding 5 m, with peaks of 30-40 m. In the central area of the London Basin, an area of around 52 km 2 recorded 7 m of groundwater level lowering (Fig. 2. panel b) .
In the whole monitored period (1992-2010), a groundwater level rise of 5 m was recorded on average across the area of interest ( Fig. 2. panel c) . The northern sector of the London Basin is characterised by a general rise of the groundwater level during the whole period from 1992 to 2010, whilst the central sector records a rise in the groundwater level from 1992 to 2000 and a subsequent fall in the period 2002-2010. The southern sector is mainly characterised by falling groundwater levels in the whole monitored period.
Input data and methodology
SAR data and PSI analysis
The input satellite data for this study consists of 27 ERS-1 and ERS-2 SAR scenes acquired in ascending mode along track 201, and 45 ENVISAT advanced SAR ( PSI ground motion data over the area of Greater London were obtained by using the GAMMA SAR and Interferometry software and, in particular, the IPTA algorithm (Werner et al., 2003) . With the IPTA method, the temporal and spatial characteristics of interferometric signatures collected from point targets were exploited to obtain surface deformation histories, terrain heights, and relative atmospheric path delays. Following the conventional approach to PSI processing, the single-master method was used to form interferograms for each dataset (using the scenes acquired on 13/01/1997 and 11/05/2007 as masters for the ERS and ENVISAT processing, respectively), and interferometric pairs were formed with all the remaining slave scenes.
The incidence angle of the employed sensor modes for both datasets is 23°from the vertical direction, which permits the detection of 92% of vertical displacements. Assuming the occurrence of sole vertical ground motion across the Basin, LOS displacements and velocities for both datasets were projected along the vertical direction. This was done by dividing the LOS estimates by the cosine of the incidence angle, hence by 0.92, corresponding with an increase in the LOS values by 8.6% (Fig. 3. panels a and b) . This assumption is justified by the generally smaller magnitude of the horizontal than vertical component of the motion in areas affected by land motion due to groundwater exploitation (e.g. Samieie-Esfahany et al., 2009; Klemm et al., 2010) . Moreover, no significant horizontal component of land motion has been previously detected in London based on InSAR data (Aldiss et al., 2014; Cigna et al., 2015; Bingley et al., 2007) , in fact only smallscale, fault-controlled E-W lateral movements have been detected (Mason et al., 2015) .
The processing results show a total of 730,254 ERS-1/2 persistent scatterers (PS), over a processing area of $2500 km 2 , hence a target density that amounts to 292 PS/km 2 . The total number of ENVISAT PS found across the 2350 km 2 processing area (slightly smaller than the ERS-1/2 area due to the different footprints of the satellite frames) amounts to 838,939, hence 336 PS/km 2 .
As observed by Cigna et al. (2015), who used the same input PSI data of this study, the larger number of scenes composing the ENVISAT stack -as opposed to the ERS one -resulted in PS datasets with denser networks of reflectors. The retrieved density of PS was also influenced by the threshold that was used for the interferometric phase standard deviation during the processing, and the resulting minimum average coherence adopted to minimise the presence of lower quality targets in the results (i.e. 0.53 for ERS and 0.49 for ENVISAT), with the ERS dataset showing less PS than the ENVISAT one, due to the higher threshold employed.
The uncertainty in the estimated ground motion velocity was also calculated during the IPTA processing and the analysis of interferometric phase residuals derived based on the iterative regression analysis to separate phase components due to linear and nonlinear deformation, topographic errors and atmospheric delay. For over 95% of the PS targets within the administrative area the uncertainty of the resulting velocities along the satellite LOS was found between 0.09 and 1.09 mm/year in the ERS-1/2 dataset, and between 0.17 and 1.13 mm/year in the ENVISAT dataset (Cigna et al., 2015) .
Estimation of the aquifer storage coefficient and compressibility
The storage coefficient S or storativity represents the amount of water stored or released per unit of area of the aquifer and per unit head change. In the saturated zone, the pressure head, acts on the aquifer skeleton and on the density of the water in the pores. When the pressure increases, the aquifer skeleton expands, whilst if it decreases, the aquifer skeleton compacts (Sneed and Galloway, 2000) . If the water pressure is reduced, water is released from storage in response to expansion of the water in the pores and compaction of the aquifer-system. Therefore, the aquifer-system storage coefficient S is defined as (Galloway et al., 1998) :
where S' k and S k are the skeletal storage of the aquitard and the aquifer, respectively, while S w is the water storativity. S k ⁄ is the aquifer-system skeletal storage. Two aquifer-system skeletal storages, S ke and S kv , can be defined for the elastic and inelastic ranges of stress, respectively. The coarse-grained sediments in aquifersystems deform elastically while the fined-grained sediments that consist on the confining aquitards may deform both elastically and inelastically.
In confined aquifers, even if the head drops and water is released from storage, the aquifer remains saturated. In this case, the storage coefficient can be defined as (Jacob, 1940; Cooper, 1966) :
where S s is the specific storage, b the thickness of the saturated aquifer, q w the water density, g the acceleration of gravity, a the aquifer skeleton compressibility, n the porosity and b the fluid compressibility (approximately of 4.9 Â 10 À10 Pa À1 ). Note that, in compacting aquifer systems S k ⁄ ) S w and, assuming that S w is negligible (Poland, 1984 ) the storage coefficient is approximatively equal to the skeletal storage coefficient: S % S k.
⁄
To a first approximation, for this study, S w is assumed as negligible in the Chalk aquifer, since that the water storage is generally more than one order of magnitude lower than the specific storage (Price, 1987) .
By inspecting groundwater level variations and ground displacement time series for nine boreholes across the network, stress-strain curves were derived by plotting the hydraulic head (that represents the applied stress) versus the vertical displacement (that represents the strain). Fig. 4 shows the strain reaction to the most evident cycles of loading and unloading of the stress (hydraulic head) at three piezometers where significant hydraulic head changes were observed. The results show a recovery of the strain corresponding with the stress dissipation. A direct temporal correlation between start and end dates for rising water level and ground uplift, and falling level and subsidence was found. As a consequence, taking into account the linear correlation observed between groundwater level changes and displacements, the deformational behaviour of the aquifer was considered as mainly elastic (hence well described by S ke ), which is consistent with previous investigations highlighting the importance of elastic storage for both the confined and unconfined chalk (MacDonald and Allen, 2001 ). This suggested that the hydraulic head changes produced an instantaneous effect on the aquifer pore pressure.
In the London Basin, the aquifer exhibits semi-confined and confined conditions for $1360 km 2 of the study area. Similarly to the methodology that other authors have implemented for different aquifer-systems (Hoffmann et al., 2003; Bell et al., 2008; Tomás et al., 2006; Chaussard et al., 2014) , for this area, the relationship between the hydraulic heads changes and the vertical ground motion changes was applied to compute the storage coefficient (Hoffmann et al., 2001 ):
where Dd is the vertical displacement as estimated by the satellite data, and Dh is the hydraulic head change. Note that this equation assumes that ground deformation is only vertical, a hypothesis that is justified by the fact that the horizontal displacements are believed to be not significant for this area. The Chalk aquifer properties are mainly the result of the fracture network throughout its thickness, and the contribution from the matrix porosity is largely lower than that from the fractures (see Section 2). Eq. (2) can be therefore expanded to (Price, 1987) :
where a f is the compressibility of the aquifer due to the presence of fractures, a m is the compressibility of the aquifer skeleton unfractured, n f represents the porosity resulting from the fractures, n m is the matrix porosity, and (n f b + n m b) indicates the specific storage of water S sw .
As the latter is negligible, the total compressibility of the Chalk aquifer a can therefore be computed as: The 1-D model assumes that the aquifer pore pressure instantaneously equilibrates with piezometric level changes in the aquifer and any time-lag between the piezometer level variations and the compaction of the geological layers is not accounted for. This assumption is supported by our inspection of the ground motion and groundwater records for boreholes across the Basin (see Section 3.2). As applied by other authors (Tomás et al., 2010; Ezquerro et al., 2014) to predict the ground motion changes due to groundwater level variations, in this study the simulated displacements were quantified by inverting Eq. (3) as:
The relationship between hydraulic head changes that occurs from 1992 to 2010 and the vertical displacement detected by PSI data for nine piezometers (see the localisation in Fig. 1 ) was analysed. Note that whilst the simulated displacements are only referred to ground motion due to measured groundwater level changes, PS measurements indicate the total motion for any given point, which can be due to several processes (including anthropogenic factors, e.g. engineering works, or natural processes, e.g. compaction of soft sediments). If not accounted for, this could lead to an over-estimation of the storage. In order to minimise the influence of ground motion triggered by other factors on the estimation of the aquifer storage, in this study PS time series showing unrelated motion patterns and rates, for instance, high rates of uplift or land subsidence due to other processes as identified by the geohazard mapping carried out during the project PanGeo (Cigna et al., 2015) were first excluded from the analysis. Moreover, the average vertical displacement based on the remaining time series was estimated by using buffer areas with a radius of 500 m from each piezometer. For each piezometer at least 10 PS time series were used. Groundwater level data of $200 piezometers were then compared with the average vertical displacement of the time series within each buffer area.
The aquifer storage coefficient S was calculated by using Eq. (3) in the time interval where a good fit between piezometer data and average displacement time series was evident. The summary of storage coefficients computed for the nine boreholes are displayed in Table 1 . In addition, the absolute average error between the simulated and PSI-derived displacements was estimated.
For each piezometer the geological sequence was compared with the groundwater level variation to classify the aquifer state according to its confined condition (i.e. confined, semi-confined, unconfined) and the geological interval over which the piezometric head varied (Table 1 ). The same approach of storage coefficient computation that was applied in the confined aquifer condition was extended to estimate the storage coefficient in semiconfined conditions, in which storage within the confining unit is considered important (Burbey, 2003) . Note that a transition between confined and unconfined conditions was detected at piezometer 14265 (Fig. 5) and two different storage coefficients were estimated for the different aquifer conditions in the periods Fig . 5 shows the simulated displacements at six piezometers in order to represent the main ground motion responses to hydraulic head changes in the different states of the aquifer. These are obtained by using the groundwater level data and the estimated storage coefficients as inputs to Eq. (6).
In the North London Basin, the aquifer exhibits both confined and semi-confined conditions, varying spatially and occasionally temporally. When the piezometric level is within the Lambeth Group, a hydraulic head change of around 1.98 m corresponds to 2.93 mm of surface displacement ( Fig. 5; piezometer 4979) . When the Chalk is confined by the London Clay, the hydraulic head change of 11.50 m produces approximately 5.85 mm of surface displacement ( Fig. 5; piezometer 4988) .
In the Central London Basin, temporary transition of the water table across the units was detected (Fig. 5; piezometer 14265) . In this case, the simulated displacement was estimated using two storage coefficient values, taking into account the groundwater level variations in the lithological units.
In the South London Basin, the aquifer is confined by thicker deposits of the London Clay and lower values of storage coefficient were detected. Hydraulic head change of 13.16 m produces around 6.92 mm of surface displacement ( Fig. 5; piezometer 14149) .
A correlation between the derived storage coefficient and the aquifer condition is also observed (Table 1) . Where the chalk is confined by the London Clay the storage coefficient is of the order of 1 Â 10
À4
, whilst where overlain by the Lambeth Group and semi-confined condition are expected to exist the storage is higher, typically 1 Â 10 À3 and indicative of additional storage provided by sand-rich horizons in the Lambeth Group. Also note that the absolute average difference error between the simulated and PSI-derived displacement shows higher values where the clay deposit is thicker (Table 1) , and this fact could be due to swelling and shrinking of the London Clay deposits which have a high plasticity (e.g. Freeborough et al., 2006; Jones and Terrington, 2011) . To take into account the possible influence of shrink-swell clays on the observed errors, the BGS GeoSure dataset that provides information about potential natural ground movement resulting from collapsible deposits, compressible ground, landslides, running sand, shrink-swell and soluble rocks, by using A (lowest) to E (highest) ratings for each of these six geohazards (BGS, 2014) was also analysed. This dataset is mapped at the 1:50,000 scale, and a 50 m buffer around the location or area of interest is generally recommended for its correct use. For this reason, GeoSure ratings for each piezometer (Table 1) were extracted as the predominant ratings observed within the 500 m buffer around each piezometer location, not only to account for this recommendation but also to be consistent with the radius used around each piezometer for the time series analysis. The Volume Change Potential (VCP) and plasticity index (I p ) of the London Clay as estimated by Jones and Terrington (2011) based on the BGS National Geotechnical Properties Database and index test data for the London Clay outcrop were also considered.
The analysis revealed that the majority of the boreholes in Table 1 are located in areas with A to D shrink-swell hazard rating, indicating ground conditions ranging from non-plastic (A) to high plasticity (D). It is worth noting that since the VCP refers to the mean plasticity index at each sample location and GeoSure hazard ratings mainly to surface geology, it is crucial to consider the effect of the different thickness of the clay deposit at the specified locations when analysing the resulting errors. For those piezometers showing a predominant rating of D and presence of thicker clay deposits, the occurrence of shrink-swell in the active zone (i.e. generally, the first $1.5 m; Jones and Terrington, 2011) where soil moisture changes are more likely to occur, could partly justify the higher errors observed after the simulation. To simulate the hydraulic head changes based on the observed ground motion, additionally Eq. (3) at piezometer 4988 was inverted (Fig. 5) as:
This approach could be used to infer groundwater level changes based on satellite ground motion data and aquifer storativity in areas of London where no observation boreholes are available. In addition, the stratigraphic column is represented. The dots represent the start and the end of the calibration period for the simulation. Piezometer localisation is in Fig. 1 . For piezometer 4988, the simulated groundwater (GW) level is also reported. Groundwater level data Ó Environment Agency copyright and/or database rights 2015. All rights reserved.
The relative error between the simulated hydraulic head changes and the measured groundwater level variations is 25% of the hydraulic head change.
The 1-D ground motion modelling also allowed the estimation of the cumulated vertical displacement occurred between the last ERS-1/2 image (31/07/2000) and the first ENVISAT image (13/12/2002) at the nine piezometers. The ENVISAT ground motion time series in Fig. 5 were indeed adjusted for the position of the ground on 13/12/2002 to match with the modelled ground motion time series based on the ERS data. A vertical displacement of À5 mm was observed for piezometer 14149, 4 mm for piezometer 4979 and À2 mm for piezometer 14265.
Chalk aquifer properties derived from PSI data
The aim of this study is to understand the aquifer ground motion response to hydraulic head changes in the London Basin, using PSI data which spanned the periods 1992-2000 and 2002-2010. The groundwater observation network of the Environment Agency was exploited. Of the available 440 piezometers sampling the aquifer, only $200 have got hydraulic head measurements from 1992 to 2010 (i.e. the time span of the PSI data) and were used for the comparison with the ground motion time series.
Confined and semi-confined aquifer properties
For this analysis, first the groundwater level changes for the periods 1992-2000 and 2002-2010 from the borehole observation network was quantified. Secondly, the average ground motion change in the two periods, detected by the PS included in a 500 m buffer area around each piezometer, was computed to account for the zone of influence of pumping. For each of these buffer areas, on average, $200 PS were found, and the standard deviation of their vertical displacements reached maximum values of 5 Â 10 À2 mm, confirming the high consistence of the considered time series around each borehole.
Then, the storage coefficient was estimated using Eq. (3) for each of these boreholes by comparing the observed ground motion changes in 1992-2000 and 2002-2010 versus the hydraulic head changes measured for the same periods. Only piezometers for which a correlation between deformation and hydraulic head changes was evident were used for the following analysis. In particular, the piezometers where either groundwater level decline corresponded to observed subsidence in the ground motion data, or groundwater level rise corresponded to uplift were selected. Conversely, the piezometers where the correlation was not evident were those where ground motion is caused by others factors, such as the compressible soil compaction, neo-tectonics and nearsurface fault displacements, or loading from new buildings that were documented in the literature (Aldiss et al., 2014; Cigna et al., 2015; Bingley et al., 2007) . Note that no time-lag for each geological unit to compact/expand in response to the decline/ increase in groundwater levels was accounted for, because none was identified during the comparison between groundwater level variations and ground motion changes for the analysed boreholes in the semi-confined and confined aquifer conditions. By using this approach, the storage coefficient at 56 and 23 piezometers, respectively for the period 1992-2000 and 2002-2010 was obtained. Fig. 6 shows the interpolated maps of the storage coefficient, using the Inverse Distance Weighting approach. The values of the PSI-derived storativity maps were compared with the storage coefficient obtained by pumping tests performed in the Chalk aquifer by Allen et al. (1997) during the 1990s (see the localisation in Fig. 6 ). The map of the storage coefficient estimated in the period 1992-2000 was compared with the storage coefficient measured by 19 pumping tests and the second one was cross-compared by 18 pumping tests that matched with the extension of the PSI-based storage coefficient maps. The storage coefficient measured by pumping tests ranged from 9.00 Â 10 À5 to 5.17 Â 10
À2
. The storage distribution highlights a mean value of 6.85 Â 10 À3 and median of 2.00 Â 10 À3 , and the 25 and 75 percentiles are 5.00 Â 10 À4 and 5.40 Â 10
À3
. The comparisons were performed by extracting values from the PSI-based storage coefficient map values at the pumping tests locations. . In most cases, the storage measured by pumping tests and the corresponding PSI-based values also show the same order of magnitude as confirmed by their ratios, and only a few outliers from this pattern can be observed.
Pumping tests of high reliability were used for this analysis. Indeed, only the values obtained from constant rate tests carried out for more than a day were considered, in order to minimise the error of the measured storage coefficient. It is worth noting, however, that some of the pumping tests may have been conducted within the aquifer in unconfined conditions, whereas at the present the water levels have risen and in the large part of the London Basin the aquifer is confined or semi-confined. Therefore, local differences between the two storage coefficient estimations may be justified by the change in aquifer conditions.
Taking into account that the water storage was assumed negligible, the PSI-derived storage coefficient is in good agreement with those obtained by pumping tests.
Using the method outlined previously the aquifer state and geological interval over which the change in piezometric head occurred was determined for each of the 56 piezometers used to calculate storage over the period 1992-2000. In doing so the spatial correlation between storage coefficient and aquifer condition is further assessed. Where the chalk is confined by the London Clay a storage coefficient of 1.00 Â 10 À4 to 1.00 Â 10 À5 is typically observed. The exception to this occurring near Battersea where the storage coefficient for a cluster of sites is unusually high and of the order of 1.00 Â 10 À3 this area coincides with the location of a number of anomalous buried hollows where ground disturbance due to peri-glacial processes is observed (Hutchinson, 1980; Banks et al., 2015) . Where the chalk is overlain by the Lambeth Group and semi-confined conditions may persist higher storage values in the range 1.00 Â 10 À3 to 1.00 Â 10 À4 were observed.
Furthermore, the specific storage was calculated by inverting Eq. (2) as follows:
To this aim, the thickness of the Chalk (which ranges from 75 to 200 m in the region of interest) as calculated by BGS based on borehole data, was used. The resulting specific storage reaches values higher than 3.00 Â 10 À5 m À1 near the Greenwich fault (see the location in Fig. 1 ). The average specific storage that was estimated for the London Basin is of 7.50 Â 10 À6 and 1.00 Â 10 À5 m À1 respectively for the period 1992-2000 and 2002-2010 . These values show good agreement with those that can be computed by using Eq. (4) and for values of matrix porosity (n m ) of 0.29, porosity contributed by the discontinuities (n f ) of 1.00 Â 10 À2 , compressibility of the aquifer resulting from the discontinuities (a f ) of 5.00 Â 10 À10 Pa , resulting in 7.00 Â 10 À6 m À1 specific storage (Price, 1987 , with an average of 1.20 Â 10 À9 Pa À1 (Fig. 7) .
The estimated values in the first period agree with the range obtained by using the Young modulus derived from seismic surveying: 3.10 Â 10 À10 -8.00 Â 10 À10 Pa À1 (Abbiss, 1979) . The average value obtained for the second period is also comparable with the results derived from tank test: 4.80 Â 10 À10 -1.20 Â 10 À9 Pa À1 (Ward et al., 1968) .
Unconfined aquifer properties
In order to analyse the ground motion response to hydraulic head changes in the unconfined condition of the Chalk aquifer, local comparisons for the piezometers located in the Chilterns and North Down areas were carried out. In the Chiltern Hills (see Fig. 8 ; piezometer 14796) the long-term seasonal trend of the water table is related to the wet and dry periods. The rise and/or fall of the water table of around 2 m correspond to 4 mm in ground motion. Around five months of time lag can be observed between Fig. 1 ; piezometers 14795 and 14796) in the Chiltern area. This time lag could be caused by the presence of a thick unsaturated zone and deposits with a low vertical hydraulic conductivity at these locations, which delays groundwater recharge. However, based on the temporal sampling frequency of the processed ERS-1/2 and ENVISAT radar imagery and the resulting time series, there is insufficient evidence to confirm the presence of this lag in other locations and its persistence across the entire monitored period 1992-2010. The observed time lag at these two piezometers could therefore simply be due to intrinsic characteristics of the satellite data time series. In the North Downs, where the Chalk aquifer outcrops, significant seasonal rises and falls of the groundwater level are evident (see Fig. 8 ; piezometer 14844). Two seasonal components due to (1) short-term variations (from March to November) and to (2) long-term variation (multi-annual) were recognised. The hydraulic change of 20 m corresponds to approximately 3 mm of surface displacements.
Conclusions
The hydraulic properties of the Chalk aquifer have been previously investigated by several authors with traditional field and laboratory measurements and experiments (Ward et al., 1968; Carter and Mallard, 1974; Bell, 1977; Abbiss, 1979; Price, 1987; Barker, 1991; Lewis et al., 1993; Price et al., 1993; Allen et al., 1997) . Although the characterisation of the Chalk aquifer properties resulting from the presence of discontinuities ideally requires estimation in situ over wide areas, the high costs of such campaigns only permitted to carry out investigations at limited spatial or temporal scales.
In this study, the combined analysis of hydrological information with displacement maps and time-series retrieved from multisensor and multi-temporal SAR images and PSI analysis has allowed the derivation of:
(1) the Chalk aquifer storage coefficient maps over an area of $1360 km 2 in the periods 1992-2000 and 2002-2010; and (2) the 1-D modelling of the ground motion response to hydraulic head changes at nine piezometers.
The resulting storage coefficient estimated in the period 1992-2000 ranged from 4.51 Â 10 À5 to 7.31 Â 10
À3
, and in the period 2002-2010 ranged from 1.30 Â 10 À4 to 1.03 Â 10 À2 . Additionally, these maps were compared with the storage coefficient obtained by pumping test performed in the Chalk aquifer by Allen et al. (1997) during the 1990s. The maps of the storage coefficient estimated in the periods 1992-2000 and 2002-2010 were compared with the storage coefficient measured respectively by 19 and 18 pumping tests and an average absolute difference of around 6 Â 10 À3 was found. Correlation between the derived storage and the hydrogeological setting is observed. Where the chalk is overlain by the Lambeth Group and semi-confined conditions may persist the storage coefficient is typically 1 Â 10 À3 to 1 Â 10
À4
. Where the chalk is confined by the London Clay the storage coefficient is typically an order of magnitude lower and in the range 1 Â 10 À4 to 1 Â 10
À5
, though local geological effects associated with faulting and ground disturbance appear to have a bearing on these results and may warrant further investigation.
A 1-D model based on the approach proposed by Tomás et al. (2010) was implemented in order to simulate the ground motion response to hydraulic head changes in the semi-confined and confined aquifer conditions. The results of the modelling revealed that the ground response to groundwater levels variations is not uniform across the London Basin. Spatio-temporal variations of the storage coefficient are related to the groundwater levels with respect to the lithological units, and to the fractures network in the aquifer, which are believed to cause compartmentalisation of the aquifer. In those areas where the water level was found in the Lambeth Group, a greater storage coefficient (1 Â 10
À3
) than that measured where the water level was in the London Clay (3 Â 10 À4 -7 Â 10 À4 ) was observed. The variability of the aquifer storage coefficient throughout the Basin as a consequence, requires different policies and zonal planning for certain parts of London to manage the available resource and conflicting aquifer uses effectively.
The modelling has also been useful in filling the temporal gap between ERS and ENVISAT PSI data. The ENVISAT ground motion time series were adjusted for the position of the ground on 13/12/2002 to match with the modelled ground motion time series based on the ERS data, and a vertical displacement of À5 mm was observed for piezometer 14149, 4 mm for piezometer 4979 and À2 mm for piezometer 14265.
In addition, the ground motion response to hydraulic head changes in the unconfined condition of the Chalk aquifer was analysed. The comparisons between the water table variations and the ground motion changes, located in the Chilterns Hills revealed that water table variations of around 2 m correspond to 4 mm in ground motion. Around five months of time lag between water table variations and ground motion changes were observed at two piezometers locations (piezometer 14795 and 14796). This time lag may be due to the presence of low saturated hydraulic conductivity deposits, which eventually delay the horizontal flow. However, there is insufficient evidence in the displacement time series to confirm this five month lag which could be simply due to intrinsic characteristics of the input satellite data and their temporal sampling (monthly to yearly). In the North Downs Chalk, the hydraulic head change of 20 m corresponds to approximately 3 mm of surface displacements.
We believe that the application of satellite data to understand the relationship between the groundwater levels and the surface displacements will provide new opportunities to inform future approaches for monitoring groundwater levels variations over wide urban areas, such as the London Basin and for wider spatial assessment of aquifer properties. The PSI-derived storage coefficient maps could be used within the London Basin aquifer model for groundwater resource sustainable management and for accurate simulation of artificial recharge operations. More widely, the findings of this work confirmed that PSI analysis and data are capable of supporting the characterisation of aquifer properties of fractured aquifers over wide regions of interest.
